During avian development the mesodermal layers of the allantois and chorion fuse to form the chorioallantoic membrane (CAM). This structure rapidly expands generating a rich vascular network that provides an interface for gas and waste exchange. The CAM allows to study tissue grafts, tumor growth and metastasis, wound healing, drugs delivery and toxicologic analysis, and angiogenic and anti-angiogenic molecules. The CAM is relatively simple, quick, and low-cost model that allows screening of a large number of pharmacological samples in a short time; does not require administrative procedures for obtaining ethics committee approval for animal experimentation. Moreover, being naturally immunodeficient, the chick embryo may receive transplantations from different tissues and species, without immune responses.
Embryonic development and morphological structure
The allantois of the chick embryo appears at about 3.5 days of incubation as an evagination from the ventral wall of the endodermal hind gut. It pushes out of the body of the embryo into the extraembryonic coelom. Its proximal portion (allantoic stalk) lies parallel and just caudal to the yolk sac, and when the distal portion grows clear of the embryo it becomes enlarged (allantoic vesicle). The allantoic vesicle enlarges very rapidly from days 4-10 of incubation. During this process, the mesodermal layer of the allantois fuses with the adjacent mesodermal layer of the chorion to form the chorioallantoic membrane (CAM) (Fig. 1 ). In this double layer an extremely rich vascular network develops which is connected to embryonic circulation by two allantoic arteries and one allantoic vein. Fuchs and Lindenbaum (1988) described six or seven generations of branches of the allantoic artery. The first five or six are located in a plane parallel to the CAM surface and deep to the vein, which has a similar distribution. The fifth and sixth generations change direction, passing almost vertically in the two-dimensional capillary plexus. De Fouw et al. (1989) have shown rapid extension of the CAM surface from 6 cm 2 at day 6 to 65 cm 2 at day 14. The number of feed vessels increased (2.5-and 5-fold for precapillary and postcapillary vessels), predominantly due to growth and remodeling after day 10. According to Schlatter et al. (1997) , CAM vascularization undergoes three phases of development with both sprouting and intussusceptive microvascular growth (IMG). In the early phase multiple capillary sprouts invade the mesenchyme, fuse, and form the primary capillary plexus. During the second phase , sprouts are no longer present and have been replaced by tissue pillars expression of IMG. During the late phase, the growing pillars increase in size to form intercapillary meshes.
Immature blood vessels scattered in the mesoderm grow very rapidly until day 8 and give rise to a capillary plexus, which comes to be intimately associated with the overlying chorionic epithelial cells and mediates gas exchange with the outer environment (Fig. 2) . At day 14, the capillary plexus is located at the surface of the ectoderm adjacent to the shell membrane. Rapid capillary proliferation continues until day 11; thereafter, the endothelial cell mitotic index declines rapidly, and the vascular system attains its final arrangement on day 18, just before hatching (Ausprunk et al., 1974) .
On day 4, all CAM vessels have the appearance undifferentiated capillaries. Their walls consist of a single layer of endothelial cells lacking a basal lamina (Ausprunk et al., 1974) . By day 8, the CAM displays small, thin-walled capillaries beneath the chorionic epithelium, and other vessels in the mesodermal layer, whose walls have a layer of mesenchymal cells surrounding the endothelium and are completely wrapped by a basal lamina together with the endothelial cells (Ausprunk et al., 1974) . On days 10-12, the capillaries are now near the surface of the chorionic epithelium (Fig. 3) . The mesodermal vessels are now distinct arterioles and venules. The walls of arterioles contain one or two layers of mesenchymal cells and increased amounts of connective tissue surrounding them. Venules are surrounded by an incomplete investment of mesenchymal cells, which are to be developing smooth muscle cells and the walls of arterioles also develop a distinct adventitia containing fibroblast-like cells.
We have demonstrated that endogenous fibroblast growth factor-2 (FGF-2) is present in elevated amounts in the CAM from day 6 to day18 of incubation, maximal concentrations being observed between day 10 and day 14. Moreover, neutralizing antibodies to FGF-2 inhibit vessel growth, confirming a role of FGF-2 in vascularization of the CAM (Ribatti et al., 1995) . Baum et al. (2010) reported an endogenous expression of vascular endothelial growth factor-A (VEGF-A) with two peaks at day 8-9 and 11-12. We have more recently found two peaks in VEGF-A expression at day 7 and day 18 (Marinaccio et al., 2013) (Fig. 4) . A high expression level of hypoxia inducible factor 1 alpha (HIF-1α), VEGF and VEGF receptor-2 (VEGFR-2) at day 11 correlates with a peak in angiogenic process at this stage of incubation (Baum et al., 2010; Marinaccio et al., 2013; Makanyna et al., 2016) .
CAM arterioles and venules are accompanied by a pair of interconnected lymphatics. Veins are also associated with lymphatics, and larger veins are surrounded by a lymphatic plexus (Oh et al., 1997) . The lymphatic endothelial cells of the differentiated CAM specifically express vascular endothelial growth factor receptor (VEGFR)-3, whereas expression of VEGFR-2 is found in both its blood vascular and its lymphatic endothelial cells (Wilting et al., 1996) . The application of VEGF-C on the CAM induces the development of lymphatic vessels (Oh et al., 1997; Papoutsi et al., 2001) . The lymphatics o are located immediately adjacent to the larger blood vessels and the expression of VEGF-C in the blood vascular wall serves for the patterning of lymphatics. The homeobox gene Prox-1, specifically expressed in lymphatics, has been demonstrated also in the CAM's lymphatics (Cimpean et al., 2010) . Papoutsi et al. (2000) have therefore grown VEGF-C-expressing human A375 melanoma cells on the CAM, and demonstrated that a great number of melanoma cells invaded the Prox-1-positive chicken lymphatics. Moreover, lymphangiogenesis was inhibited when melanoma cells were transfected with cDNA encoding soluble VEGFR-3.
The extracellular matrix of the CAM modifies its composition terms of expression of fibronectin, laminin, and collagen type IV, and in distribution of specific glycosaminoglycans, favoring the angiogenic process that occurs in the space between the chorionic epithelium and the mesodermal blood vessels (Ausprunk, 1986; Ribatti et al., 1998) .
Physiological functions
At the beginning of the development of the chick embryo, before day 6 of incubation, the CAM performs gas exchange function through the area vasculosa (Romanoff, 1960) . Thereafter, the rich vascularization and the position of the allantois immediately subjacent to the porous shell confer a respiratory function on the highly vascularized CAM. In addition to the respiratory interchange of oxygen and carbon dioxide, the allantois also serves as a reservoir for the waste products excreted by the embryo, mostly urea at first, and chiefly uric acid later.
Moreover, CAM is involved in sodium and chloride transport from the allantoic cavity where urinary waste products are discharged, and mobilization of calcium form the shell to start bone mineralization, at an impressive rate of 100 nmol of calcium per hour for 1 cm 2 of the CAM surface. Typical chorionic villous cavity calcium transporting cells become recognizable by day 12 (Makanyna et al., 2016) . Apoptosis was increased in both the chorion and allantois at day 18 of incubation and some apoptotic cells were also recognizable in the mesenchyme (Makanyna et al., 2016) .
In ovo and ex ovo methods
Fertilized chicken eggs staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) are placed in an incubator as soon as embryogenesis starts and are kept under constant humidity at 37°C. On day 3, a square window is opened in the shell after removal of 2-3 ml of albumen to detach the CAM from the shell itself and the underlying CAM vessels are disclosed. The window is sealed with a glass and incubation goes on until the day of experiment. This technique may preserve a more physiological environment; in fact, it has the advantage of high viability in long term incubation and using this technique the embryos develop through hatching. However, it limits the observation and the area for grafting, transplantation, and fine microdissection.
The embryo and its extraembryonic membranes may be transferred to a Petri dish on day 3 or 4 of incubation and CAM develops at the top as a flat membrane and reaches the edge of the dish to provide a twodimensional monolayer onto which multiple grafts can be placed (Auerbach et al., 1974) . This system has several advantages as the accessibility of the embryo is greatly improved outside of the shell. Shell-less culture is much more amenable to live imaging than in ovo techniques. However, long term viability is often lower in shell-less cultures and great attention must be paid to preventing the embryo from drying out.
In the original description of embryos cultured in Petri dishes, there was a 50% loss in the first three days after cracking due to the frequent rupture of the yolk membrane, with 80% of those which survive to day 7 until day 16 (Auerbach et al., 1974) . The ex ovo method is preferred to the in vivo method because it allows the quantification of the response over a wider area of the CAM; large number of samples can be tested at any one time; the time required for a response to occur is shorter.
Tissue grafts
Transplantation studies are used for a variety of purposes, such as determining inductive/suppressive interaction, and when combined with some form of cell tracing, can be used to determine migration and growth patterns. When a small fragment of an adult chicken organ was transplanted onto the CAM, it greatly stimulated growth of the homologous embryonic organs (Danchakoff, 1918; Ebert, 1954) . Allogenic and xenogenic tissue were successfully grafted on the CAM, such as liver, endometrium, adrenal gland, cerebellum, or intact skin. The formation of peripheral anastomoses between pre-existing donor and host vessels is the most common mechanism involved in the revascularization of embryonic grafts (Ausprunk et al., 1975) . Moreover, the CAM may provide the explants with nutrients, growth factors, as well as stem cells derived from other parts of the developing chicken embryo. In this context, Maeda and Noda (2003) have demonstrated that the growth of epiphyseal cartilage is not suppressed in the presence of perichondrium when bone is cultured on the CAM, suggesting that CAM and/or other chicken cells can partially substitute for the perichondrium in this system. Adult human kidney derived cells were grafted onto the CAM, and after a week, grafts self-organized into tubular structures (Noiman et al., 2011) .
Grafting of chick cells into quail embryos or vice versa is the most common form of chimera generation in the avians. A variety of species-specific antibodies have been generated including the Quail/Chick perinuclear antibody (QCPN) which reacts to quail cells and QH1, an antibody that recognizes a glycoprotein on the surface of quail endothelial cells and does not cross-react with chick endothelium (Pardanaud et al., 1996; Peault et al., 1983) . Acellular matrix can be transplanted onto the CAM without rejection and provide a matrix where cell growth, angiogenesis, and differentiation can occur. We have implanted acellular matrix obtained from brain, aorta, femur, esophagus, diaphragm, and have obtained in all the experimental conditions a strong angiogenic response (Fig. 5 ) (Conconi et al., 2004 (Conconi et al., , 2005 (Conconi et al., , 2009 Marzaro et al., 2006; Pardanaud et al., 1996; Peault et al., 1983; Ribatti et al., 2003) . More recently, we have investigated the angiogenic properties of decellularized laryngeal and tracheal matrices (Baiguera et al., 2011; Haag et al., 2012) . 
Tumor growth and metastasis
In 1911, Rous and Murphy demonstrated the growth of the Rous sarcoma transplanted onto the CAM and Murphy described the effects of mouse and rat tumors transplantations on the CAM (Murphy, 1913 (Murphy, , 1914a (Murphy, , 1914b Rous, 1911) . Starting from these observations, the CAM has been established as an experimental system for research in tumor biology The behavior of chicken, mouse, and human tumor cells and tissues implanted on the CAM surface was compared and was evaluated their growth, histological features, viability after re-transplantation in its original host and the effects on the chick embryo (Karnofsky et al., 1952) . Human tumor transplanted and re-transplanted on CAM retain and express human antigens after several passages (Korngold and Lipari, 1955) . The presence of metastases into the embryo was evaluated after 10 days of tumor implantation on the CAM and the inhibitory capacity of chemotherapeutic agents on their growth was tested (Harris, 1958) . The changes in the CAM adjacent to the tumor implantation site, consisting in fibroblast proliferation, keratinization and stratification of the chorionic epithelium was also evaluated (Kaufman et al., 1956) . Moreover, the CAM has been used as a test system for tumor chemosensitivity (Kunzi-Rapp et al., 1992) for the study of tumor invasion and metastasis and of neovascularization of heterologous normal and neoplastic implants (Auerbach et al., 1976; Quigley and Armstrong, 1998) .
Grafting of tumors onto the CAM allows us to study the morphological aspects of the interactions of the tumors with the blood vessels of the host and to examine the identity of the vessels that supply the grafts. The formation of peripheral anastomoses between host and preexisting donor vessels is the main and the most common mechanism involved in the revascularization of the graft of an embryonic organ onto the CAM, whereas sprouting of CAM-derived vessels into the transplants only occurs in the grafts of tumor tissue (Ausprunk and Folkman, 1976; Ausprunk et al., 1975) .
All studies of mammalian neoplasms in the CAM have utilized solid tumors and cell suspensions derived from solid tumors. Compared with mammals' models, where tumor growth often takes between 3 and 6 weeks, assays using chick embryos are faster. Between 2 and 5 days after tumor cell inoculation, the tumor xenografts become visible and are supplied with vessels of CAM origin. Tumors grafted onto the CAM remain nonvascularized for few days, after which they can be penetrated by new blood vessels and begin a phase of rapid growth (Fig. 6) .
Tumor cells can be identified in the CAM, as well as in the internal organs of the embryo, such as lungs, liver, and brain (Bobek et al., 2004) . Viral nanoparticles have been used to visualize newly formed vasculature in expanding tumors (Leong et al., 2010) , and high-resolution imaging of CAM-supported human tumors reveal fluid and small molecule dynamics within tumors (Cho et al., 2011) . Fergelot et al. (2013) validated the CAM as a suitable model for studying the development of human clear cell renal carcinoma, with the aim to obtain a more complete characterization of the vessel phenotype. Intratumor vessels were stained with anti-desmin antibodies or with anti-CD31 to detect human vessels and co-labeled with SNA1 isolectin to detect chick vessels. CD31 antibodies only recognized vessels of human origin and SNA isolectin vessels of chicken origin, while anti-desmin antibodies labeled vessels of both species. The vessels were mostly hybrid as shown by the presence of SNA1 positive endothelial cells in the close vicinity of CD31 positive cells.
Other studies have focused on the invasion of the chorionic epithelium and the blood vessels by tumor cells (Armstrong et al., 1982; Dagg et al., 1956; Kim et al., 1998; Scher et al., 1976) . The cells invade the vascularized mesenchymal connective tissue below the chorionic epithelium (Fig. 7) . The cancer cells migrate through the mesenchyme and attach to arterioles, and migrate to the vicinity of preexisting vessels (Koop et al., 1994) . The changes in morphology of cancer cells arrested in the CAM microcirculation can be readily observed by in vivo microscopy and most of them survive without significant cell damage ( Chambers et al., 1992) . Within few days after inoculation of human tumor cells on the CAM, tumor cells can be identified in portions of the CAM distant from the inoculation site, as well as in internal organs. Ten minutes after the intravenous injection of fluorescent labeled B16-F10 melanoma cells, the cell arrested into the capillary bed, and six hours later, tumor cells changed their shape and spread in close contact with the capillary wall (Shioda et al., 1997) . Moreover, the detection in the CAM of disseminated cells by Alu-PCR makes it possible to quantitatively assess metastasis to organs that are colonized by as few as 25 cells (Zijlstra et al., 2002) . More recently, quantitative methods for analyzing tumor angiogenesis by polymer perfusion followed by micro CT scans have been developed (Ames et al., 2016) .
The major advantages of the CAM model as an experimental animal model of metastasis are: (a) the chick embryo is naturally immunodeficient and can accept cancer cells regardless of their origin without immune response; (b) the changes in morphology of cancer cells arrested in the CAM microcirculation can be readily observed by in vivo microscopy ; (c) most cancer cells arrested in the CAM microcirculation survive without significant cell damage, and complete extravasation .
Wound healing
The CAM has been used as in vivo model to study wound repair (Ribatti et al., 1996) . This model consistently reproduces all the phases observed in adult wound healing, including re-epithelization, angiogenesis, inflammation, and fibronectin deposition, resulting in scar formation (Ribatti et al., 1996) . Histological examination of the CAM during wound healing demonstrated hyperplasia of the chorionic epithelium in the area involved in the repair process and an inflammatory infiltrate consisting mainly of macrophages. Also, about three times as many micro-vessels and fibroblasts were present in the mesenchyme of the wounded area with respect to the adjacent control regions.
The inhibition of FGF-2 after CAM wounding results in decreased wound healing by inhibiting microvessel and fibroblast density. Conversely, the application of FGF-2 accelerates wound repair such that healing occurs 24 h earlier as compared to control wounds by stimulating angiogenesis, fibroblast proliferation, and macrophage infiltration (Ribatti et al., 1999 ).
The U.S. Food and Drug Administration (FDA) has approved products pre-clinically evaluated in the CAM assay and released for the treatment of chronic cutaneous ulcer and burn wounds (FDA Wound Healing Clinical Focus Group, 2001) . Kilarski et al. (2009) have developed a method to investigate granulation formation in the CAM, and the role of invading fibroblasts and blood vessels in this process. Tissue tension generated by activated fibroblasts or myofibroblasts during wound contraction mediated and directed translocation of the vasculature, which can be expanded secondarily by elongation and vessel enlargement, and finally, through splitting and sprouting.
Drugs delivery and toxicology studies
Drug topically applied to the CAM can reach the systemic circulation, after absorption through the membrane and affect the development of the chick embryo. During the development of drug delivery systems, chick embryos can be used to evaluate the activity or toxicity of a drug in both the CAM and CAM-grafted tumors, as well as on the development of the embryo. Toxicity of drugs or carriers on chick embryos can be evaluated in terms of embryo death and adverse effects on the CAM, including inflammation and neovascularization. Drug delivery systems can be topically applied on the CAM or injected into the amnion. When tumors are grafted on the CAM, anticancer therapies can be evaluated.
Ex ovo cultivated chicken embryos can be used for investigation of toxicity of different substances, as the influence of nicotine and cigarette smoke in developing chicken embryos (Hamamichi and Nishigori, 2001 ). In addition, the effects of acute glucose toxicity have been assessed in shell-less chick embryo cultures (Datar and Bhonde, 2005) . Moreover, the CAM has been accepted as a substitute for the Draize test on rabbits for the testing of irritation potential of chemicals (Kishore et al., 2008; Yan et al., 2007) .
Angiogenic and anti-angiogenic molecules
A variety of compounds have been reported to stimulate and inhibit angiogenesis in the CAM. They include growth factors, hormones, natural molecules, anti-cancer agents, gases, organo-metallic compounds, Reproduced from Ronca et al., 2013. pro-angiogenic molecules, antibiotics, antibodies, and synthetic small molecules. The test agent is usually introduced in the form of small filter disks or polymerized material such methylcellulose, alginate, gelatin sponge or any other biological inter synthetic polymer.
Both qualitative and quantitative methods have been used to evaluate vascular morphology and density. In studies of angiogenesis inhibitors two different approaches may be used, one which evaluate the inhibition of the basal angiogenesis, and another one, which evaluate the inhibition of an angiogenic stimulus previously applied to the CAM.
An angiogenic response occurs 72-96 h after stimulation in the form of an increased vessel density around the implant, with the vessels radially converging toward the center like spokes in a wheel. Conversely, when an angiostatic compound is tested, the vessels become less dense around the implant after 72-96 h, and eventually disappear. When the substance is inoculated into the cavity of allantoic vesicle, then the angiogenic or anti-angiogenic response affects the CAM vessels as a whole.
Several qualitative, quantitative, and semi-quantitative techniques, including blood vessel length, diameter, density, vessel branch points, total area of the CAM, have been described for assessment of angiogenesis . New imaging technologies allow us to visualize vascular perfusion and vascularization, as well as, new contrast and imaging agents that selectively label developing vessels allow for the selective visualization of vascular structures at microscopic level (Jilani et al., 2003; Leong et al., 2010; Lewis et al., 2006; MacDonald et al., 1992) .
Many techniques can be applied within the constraints of paraffin and plastic embedding, including histochemistry and immunohistochemistry. Electron microscopy can also be used in combination with light microscopy.
Genomics
Genomics and bioinformatics tools are currently available for a variety of model systems, and avian embryology has begun to adopt these techniques. Comparative genomic revealed that the chick genome is three times smaller than the one of both human and mouse, but contains approximately the same number of genes (Burt, 2005) . Modern advances, including the creation of the annotated chick genome (Wallis et al., 2004) , gene expression profiling, live imaging, improved somatic transgenesis, and gene specific attenuation of RNA levels, have also added to the classical strengths of the avian embryo. 70 million bp of the chicken sequence is highly conserved with humans both within coding gene segments and outside coding regions (ICGSC, 2004) . The complete characterization of the chick embryo genome (www.nhgri.gov/11510730) will be helpful to synthesize a broad panel of antibodies with high specificity for chicken tissues, for blood and lymphatic endothelial cells and stroma components. This aspect could be useful to better characterize the interactions between implanted human and/or mouse tumors and chicken tissues.
Gene expression profiling associated with the physiological CAM development as well as with the angiogenic switch during tumor progression has been reported (Javerzat et al., 2009; Saidi et al., 2008) . Engraftment of human tumor tissue onto the CAM, followed by transcriptomic analyses with both human and chicken microarrays, enables the gene signatures of both the host stroma and the human tumor to be distinguished. Soulet et al. (2010) by using an experimental model of granulation tissue formation in the CAM, performed wounding of the chicken CAM and compared gene expression to normal CAM at the same stage of development. Bioinformatics analysis lead to the identification of several new genes with an endothelial cell signature. Moreover, Soulet et al. (2013) applied in vivo biotinylation combined with high-resolution mass spectrometry and bioinformatic analyses to study the vascular and matrix proteome in the CAM. More recently, Exertier et al. (2014) performed an Affymetrix gene screening for VEGF-A-induced genes during CAM vascularization. A total of 53 single genes with human orthologs and preferential endothelial expression were identified, and this list contained numerous key angiogenic regulators with known endothelial expression.
Retroviral, lentiviral, and adenoviral vectors have been used to infect the CAM, leading to the expression of the viral transgene enabling the monitoring of small subpopulations of transgenic cells within a tissue (Hen et al., 2012) . Moreover, this allows the long-lasting presence of the gene product that is expressed directly by CAM cells, and makes feasible the study of the effects of intracellular or membrane-bound proteins as well as of dominant-negative gene products. This approach will shed new lights on the study of the metastatic process by using the CAM assay.
Pros and contra
The CAM is relatively simple, quick, and low-cost model that allows screening of a large number of pharmacological samples in a short time. The CAM does not require administrative procedures for obtaining ethics committee approval for animal experimentation, because the chick embryo is not considered as living animal until day 17 of development in most countries. The CAM is not innervated, and experiments are terminated before the development of centers in the brain associated with pain perception, making this a system not requiring animal experimentation permissions.
The Institutional Animal Care and Use Committee (IACUC), an Association of New England Medical Center and Tufts (IACUC, 2001) , as well as the National Institutes of Health, USA (National Institute of Health, 1991) , established that a chick embryo that has not reached the 14th day of its gestation period would not experience pain and can therefore be used for experimentation without any ethical restrictions or prior protocol approval.
Early lymphoid cells deriving from the yolk sac and spleen are usually recognizable in the thymus on day 8 and in the bursa of Fabricius on day 11 (Leene et al., 1973) . Thymus cells are present by day 11 and cellmediated immunity has been demonstrated by day 13-14 (Solomon, 1971) . By day 12, mononuclear phagocytes are found in the yolk sac, spleen, bursa, gut, thymus and in the liver (Janse and Jeurissen, 1991) . The chick embryo cannot mount an 'immune' response to foreign tumor cells until day 12, but it can respond to tumor cells by infiltration of monocytes and inflammatory-like cells such as avian heterophils. Being naturally immunodeficient, the chick embryo may receive transplantations from different tissues and species, without immune responses. Moreover, CAM allows a rapid vascularization, development of tumor cells or bioptic specimens placed on its surface, and allows to observe and analyze the real time changes in morphology of cancer cells in its microcirculation.
The main limitation of CAM assays is a nonspecific inflammatory reaction, which can occur if experiments extend after 15 days of incubation. Examination of histological CAM sections help to detect the presence of a perivascular inflammatory infiltrate, together with a hyperplastic reaction of the chorionic epithelium. A nonspecific inflammatory response is much less likely when the test material is grafted as soon as the CAM begins to develop while the host's immune system is relatively immature (Leene et al., 1973) . Real neovascularization can hardly be distinguished from a falsely increased vascular density due to rearrangement of existing vessels (Knighton et al., 1991) , and timing of the CAM angiogenic response is essential. Many studies determine angiogenesis after 24 h, when there is no angiogenesis, but only vasodilation. The CAM is also extremely sensitive to modification by environmental factors, such as changes in oxygen tension, which make the sealing of the opening in the shell critical, pH, osmolarity, and the amount of keratinization (Auerbach et al., 2000) .
Another drawback is due to the low number of reagents compatible with avian species including , antibodies, cytokines, and primers which work in the chick.
